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ABSTRACT
GRADIENT HETEROGENEOUS SURFACES
SEPTEMBER 2004
IRENE Y. TSAI, B.S., COLUMBIA UNIVERSITY
M.S., COLUMBIA UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas P. Russell
The strength of the interfacial interactions and the length scale over which these
interactions occur are two important factors to understand the behavior of polymer
blends, diblock copolymers, cell recognition, adhesion and wettability on a surface.
This has important implications in pattern recognition applications, biosensors and
random recognition processes. A simple means of examining patterns and the influence
of patterns on many length scales simultaneously is with gradient surfaces, where the
lateral distribution of the chemical nature and functionality of surface interactions can
be varied in a systematic manner. Surfaces with gradient heterogeneous topographies
were prepared, using blends of homopolymers and diblock copolymers, to vary the
lateral size scale of the heterogeneities from the microscopic to nanoscopic correlation
of heterogeneity. By tuning the lateral size scale of the heterogeneities, surface
patterning can be engineered to have a specific function.
Mixtures of homopolymers macroscopically phase separate, whereas diblock
copolymers microphase separate on nanoscopic length scales. By gradually varying the
vii
relative concentrations of homopolymers and block copolymers, the length scale of the
domains can be continuously varied from the nanoscopic to the macroscopic length
scale. A method to generate gradient surfaces based on such mixtures is described in
Chapter 1. Several examples demonstrating their utility are shown in Chapters 2 and 3.
Polystyrene film dewetting and polystyrene/poly(methyl methacrylate) phase separation
in thin films are discussed in Chapter 2. In Chapter 3, cell adhesion and migration are
shown to be vastly different when the cells are grown on surfaces with nanometer to
micrometer features.
In Chapter 4, cell migration on patterned surfaces is investigated to tackle the
sole effect of topography. Cell migration on polystyrene surfaces with micron sized
topographic features is compared to cell migration on flat polystyrene substrate. Actin
cytoskeleton, focal adhesion and cell migration speed were characterized to understand
cell movement on topographic surfaces. Cell movements on hydrophilic polystyrene
posts show strong similarities to cells cultured in 3D environment. This may provide a
simple model system to study cell migration in physiological relevant conditions and
contribute to our understanding in cell migration to better design surfaces for medical
applications.
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CHAPTER 1
FABRICATION OF GRADIENT HETEROGENEOUS SURFACES
Introduction
The strength of the interfacial interactions and the length scales over which these
interactions occur can dramatically change the behavior of polymer blends 1
"4
,
diblock
copolymers5
"8
,
cell adhesion9
" 14
,
random heteropolymer 15
,
adhesion 16 and wettability 17
on surfaces. Gradient heterogeneous surfaces provide a simple means to probe the
influence of the lateral length scales of heterogeneities from nanometers to micrometers
on a single substrate. Understanding the lateral length scales, over which thin films of
polymer blends phase separate on a surface patterned with areas of different surface
energies, provides insight for pattern replication and other processes critical to
semiconductor processing3
.
Employing diblock copolymers on gradient heterogeneous
surfaces offers unique routes for molecular weight determination or filtration
applications, as discussed by Chakraborty 15
.
Moreover, many biological processes
involve protein recognition of a specific spatial patterning of interaction sites 16 . Thus,
gradient heterogeneous surfaces offer a unique opportunities to study cell recognition.
Here, we focus on the dewetting of thin films of polystyrene, PS, the phase separation of
polymer blends and cell adhesion and migration on gradient heterogeneous surfaces.
Surface chemistry alone can drastically change wetting behavior of a liquid
droplet. A surface can be hydrophobized using a fluoroalkyltrichlorosilane chemistry
17
or a self assembled monolayers of alkanethiols
18
.
By adding topography to a
1
t
hydrophobic surface, the surface can become superhydrophobic, as discussed by
McCarthy et at. 19
,
Quere et al. 20 and Rubner et al. 21
. Chen and coworkers showed that
topology can define the position of a three-phase contact line and influence contact
angle hysteresis.22 Youngblood and McCarthy23 reported that wettability depends on
the size scale and topology of the roughness. Another elegant illustration of the
influence of surface chemistry on wetting is a water droplet "creeping" uphill on a
chemical gradient surfaces, shown by Chaudhury et al. 24 .
The shape of a liquid drop on a surface depends on the surface energies, the
surface chemistry, surface topology and surface topography. A beautiful experiment
was demonstrated in the dewetting of PS on homogeneous silicon oxide surfaces, where
polygonal patterns of droplets were produced.25 Any heterogeneities in surface
chemistry or topography, from the molecular to macroscopic length scales, can impact
the dewetting. On surfaces with nanometer sized heterogeneities composed of silicon
oxide and gold stripes, Rockford et al. observed that thin PS films dewetted such that
the PS segregates to the gold stripes. Similar observations were reported by Rehse et
al. on surfaces with micron length scale heterogeneities . In this thesis, surfaces of
oxidized PS and random copolymer of styrene and methyl methacrylate, P(S-r-MMA),
with heterogeneties ranging from the nanometer- to micron- length scale were used to
study the dewetting of PS on both oxidized PS and P(S-r-MMA) surfaces. The
variations in lateral length scale of heterogeneities were found to alter the dewetting
behavior of PS.
On uniform surfaces, thin films of polymer blends form layered structures
oriented parallel to the surface. Surface energy differences cause an enrichment of one
2
component at the free surface. In contrast to thin film polymer blends on a
homogeneous surface, phase separation can be confined on a micron-patterned substrate
having two different preferential polymer-surface interactions. Krausch et al. and
Boltau et al. demonstrated a surface directed spinodal decomposition on surfaces with
patterning on the micron length scale 1 ' 3
. On a surface with nanometer patterning,
Rockford et al. observed that polymer blends phase separated on the nanoscopic level,
adjacent to the substrate, but somewhat removed from the surface, phase separated as if
the blends were on a homogeneous surface. From these results, questions emerged on
the role of surface topography on phase separation on surfaces with no strong
preferential interactions. Here, we investigate the morphology of thin PS and PMMA
film on gradient heterogeneous surfaces of oxidized PS and P(S-r-MMA).
Gradient surfaces can also be used to study the effect of lateral length scale and
surface chemistry on cell adhesion and mobility. The influence of surface topography
and surface chemistry have been studied extensively and reviewed9
" 14
. Flemming et al.
reviewed cell adhesion on surface with different topographies and concluded that
studies on dense nanometer topographies are needed to understand cell adhesion, since
the extracellular matrix, the microenvironment in which cells adhere, migrate and
divide, assembles from the molecular to macroscopic length scales. In this thesis,
gradient heterogeneous surfaces of oxidized PS and P(S-r-MMA) are used to address
the influence of the lateral length scale of heterogeneities and topography on cell
adhesion and migration from nanometer to micrometer lateral length scales.
3
as
Several techniques are available to fabricate patterned surfaces, such
photolithography, soft lithography, electron beam lithography, X-ray lithography and
microcontact printing
.
However, these methods are limited to feature sizes of -100 nm
or larger and the size of the patterned area. This chapter is focused on the fabrication of
surface patterns from tens of nanometers to microns over a large surface area on a single
substrate by taking advantage of the self-assembly of diblock copolymers and the phase
separation of homopolymer blends.
Mixtures of homopolymers, in general, macroscopically phase separate, whereas
diblock copolymers microphase separate on the nanometer length scale. Thus, by
gradually varying the concentrations of homopolymers and block copolymers, the length
scale of the domains can be continuously varied from nanometers to microns. To
fabricate gradient heterogeneous surfaces, three issues must be addressed. First, optimal
conditions are needed to uniformly coat a surface with a film -30 nm thick in the
translational motion as opposed to circular motion. Secondly, gradients in the solution
compositions on a surface must be produced. Thirdly, since the morphologies of these
three-component mixtures on surfaces are not known, then determining and
characterizing the gradient morphology across the film is key to achieve this objective.
Each is addressed in this chapter including details of the fabrication process.
Experimental
Materials
Asymmetric diblock copolymers of polystyrene, PS, and poly(methyl
methacrylate), PMMA, denoted PS-6-PMMA with a molecular weight of 73,000 and a
4
polydispersity of 1.04 were prepared in-house by standard anionic polymerization
methods. The volume fraction of PS in the PS-A-PMMA is 0.7 and, therefore, the
equilibrium morphology of the copolymer is one with cylindrical microdomains of
PMMA (-20 nm in diameter) with an average separation distance of 30 nm. PS and
PMMA with narrow molecular weight distributions and molecular weights of 52,000
and 29,000, respectively, were purchased from Polymer Laboratories and used without
further purification. Hydroxy terminated random copolymers of styrene and methyl
methacrylate, denoted P(S-r-MMA), with a styrene fraction of 0.58 wwas prepared by a
living free radical nitroxide mediated synthesis.29
Drawdown Coating Uniform Film
To fabricate a gradient heterogeneous surface, the ability to prepare uniformly
thin films in the translational motion is essential to ensure a consistent morphology.
Various types of coating processes are available to prepare polymer films, including
spin coating, dip coating and drawdown coating. Numerous texts are available for more
detailed descriptions on such coating processes. " The spin coating technique uses a
circular motion to coat polymer films onto a surface, and can not be used to produce
concentration gradients in a reproducible manner. While dip coating and drawdown
coating are both translational coating processes, it was found that drawdown coating
produced the more consistent gradients. An automatic drawdown apparatus was
therefore purchased for this purpose (Gardner Company). Two types of applicators,
threaded rod and coating blade, were used to produce -30 nm thin films. The threaded
rod type was unable to produce thin films, while the coating blade (Paul Gardner
5
Company's 8-path wet film applicator) could generate consistently uniform thin films.
Films were generated and measured at different temperatures, concentrations and blade
clearances. Measurements will be discussed in detail in the Results and Discussion
section.
Discrete Samples
PS+PMMA+PS-6-MMA/Air Interface
Eleven discrete 1% solutions, Table 1.1, were prepared by systematically
changing the relative concentrations of PS-6-MMA (70/30) with MW=73k and a
mixture of PS (MW=52k) with PMMA (MW=29k) (50/50). Toluene solutions of the
mixtures were spin coated at 3000 rpm onto a surface treated with a random copolymer
of PS-r-MMA (0.58/0.42) having a PS fraction of 0.58, which is anchored onto a native
silicon wafer as described previously29
. This random copolymer substrate provides
balanced interfacial interactions to PS and PMMA in order to eliminate the preferential
interactions of the components with the surface30
,
Figure 1.1. The films were annealed
at 1 70 °C under vacuum for 2 days. No distinguishable surface features were observed
using scanning force microscopy (SFM) as the concentration of homopolymers was
changed. This indicated that one component preferentially segregated to the air/polymer
interface. This is further evidenced by X-ray photoelectron spectroscopy (XPS),
showing the phenyl rings of styrene units that undergo a n —> 7t* transition in the higher
resolution XPS spectra for Ci s at 75° take-off angle before washing with cyclohexane.
Reactive ion etching (RIE) was used for 35 seconds at 25 watts to remove the top ~ 6
nm from the surface of the films to reveal the underlying morphology. The samples
6
were then exposed to UV radiation for 35 minutes in a vacuum chamber to crosslink the
PS and degrade the PMMA. Films were then washed with acetic acid for 3 minutes to
remove the degraded PMMA, thoughly rinsed with water and dried with nitrogen gas.
These surfaces were characterized by a combination of optical microscopy and scanning
force microscopy (SFM).
X-ray photoelectron spectroscopy (XPS) was measured on a Perkin-Elmer-
Physical Electronics 5100 spectrometer (15 kV, 400 W) at takeoff angles of 15 and 75°
(between the plane of the sample and the entrance lens of the detector optics) to
determine the top most polymer. Both XPS surveys and Cls regional sweeps were
obtained at take-off angles of 15° and 75° from the sample plane, providing depth
information of 1 5 A and 45 A, respectively, from the surface.
PS (52k) + PMMA (29k) PS-b-MMA (73k)
Solution 1 1 0
Solution 2 0.9 0.1
Solution 3 0.8 0.2
Solution 4 0.7 0.3
Solution 5 0.6 0.4
Solution 6 0.5 0.5
Solution 7 0.4 0.6
Solution 8 0.3 0.7
Solution 9 0.2 0.8
Solution 10 0.1 0.9
Solution 1
1
0 1
Table 1.1: Eleven discrete 1% solutions of various concentrations of PS-b-MMA
(70/30) with MW=73k in PS (MW=52k) and PMMA (29k) blend.
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Air
PS : I'M IMA : PS-b-MMA
I'S-i-MM A
SiOx
Figure 1.1: Schematic diagram of the film geometry with a cross-sectional sandwich of
homopolymcrs and copolymer mixture. A random copolymer brush was anchored to
the SiOx substrates.
PS+PMMA+IVS-b-MMA/Crosslinked IM)MS Interlace
Kxperimcnls were also performed with the mixtures in contact with a
crosslinked poly(dimethylsiloxane) (PDMS, Sylgard 184, Dow-Coming) film. Any
segregation of the components to this interlace is governed by the interaction energies
between PS, PMMA and PDMS, l'igurc 1.2. The same eleven discrete 1% solutions of
the copolymcr/homopolymer mixture (Table 1.1) were used and films prepared in an
identical manner. The PDMS was fust allowed to crosslink for 24 hours at room
temperature, then the copolymcr/homopolymer mixture with PDMS sandwich was
annealed at 170 C under vacuum for 2 days. Xu el al. have used this technique in their
studies on diblock copolymers under an electric field, and no observable penetration of
PDMS into the PS and PMMA layer was found . After annealing the
copolymcr/homopolymer mixture and PDMS film, reactive ion etched (RJE) was used
to remove the top (~6 nm) of the film. Samples were then UV irradiated for 35 minutes
to crosslink the PS and degrade the PMMA, washed with acetic acid for 3 minutes to
8
remove the degraded PMMA, rinsed with water, and dried with nitrogen gas. AFM
images were taken and analyzed using autocorrelation.
Crosslinked PDMS
PS: PMMA : PS-b-MMA
PS-r-MM A
SiOx
Figure 1.2 : Schematic diagram of the film geometry with a cross-sectional sandwich
with crosslinked PDMS film on top of the copolymer mixture. A random copolymer
brush was anchored to the SiOx substrates.
Gradient Surface
Gradient surfaces were prepared by creating a gradient solution on the surface
and draw coating the gradient solution normal to the gradient, Figure 1.3A. Gradient
solution was generated by placing two droplets of A (0.5% tolene solution of
homopolymers, PS+PMMA) on one end of the substrate and B (0.5% toluene solution
of diblock copolymer, PS-6-MMA, 70/30, MW=73k) at the other end. The two droplets
began to wet the substrate and merge with each other. The diffusion between two drops
of solution generates the gradient solution, Figure 1.3B. The gradient solution of
copolymer/homopolymer mixture, was then coated normal to the gradient using a blade
clearance of 1 mil, a speed of 0.9 in./sec. and surface temperature of 80°C, a coating
condition established earlier. The same procedure used in the discrete sample is applied
for the gradient films. Briefly, the films are annealed at 170°C, RIE to remove the top
PS layer, UV irradiated to crosslink the PS and degrade PMMA, then washed with
acetic acid to remove PMMA, Figure 1.4. These surfaces are characterized by a
9
combination of optical microscopy and scanning force microscopy as a function of
position.
A.
B.
Blade Substrate
Coating Apparatus
A=homopolymer blend
B=diblock copolymer
2 droplets
diffuse together
Blade coated
A+B
Figure 1 .3: Schematic representation of draw coating gradient heterogeneous surfaces,
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SiOx
Oxygen RIE - etched the top PS layer
UV - crosslinked PS, degraded PMMA
Acetic Acid - removed PMMA
M
III III
$m
W
—J
SiOx
^2^J Polystyrene Polymethyl methacrylate
Random copolymer of PS and PMMA
Figure 1.4: Schematic representation of the fabrication of gradient heterog
surfaces.
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Autocorrelation
Gradient heterogeneous surfaces were characterized by scanning force
microscopy (SFM) and analyzed using an autocorrelation approach. Correlation is a
simple mathematical method to measure the similarity of two samples' distributions.
The computation is done by integrating the cross products between the data set and its
shifted versions. Thus, autocorrelation is correlation of a sample's distribution to itself.
The autocorrelation function, C(x), is defined as
where f(x) is the height of the surface at a position x. Strobl, Schneider and others
have described the autocorrelation function. In our studies, the position of the first peak
in C(x), the long-spacing L or an average center-to-center distance, was used as a
measure of the lateral length scale of the heterogeneities. The images were processed
using the Fourier transform relationship of C(x) using Scion software, downloadable
from NIH38 .
The software, Scion, was tested with images of surfaces with well-defined
structures. An image of periodic lines with uniform widths and separation and another
image of periodic lines with distribution of widths were used as examples to show the
00
-00
Equation 1
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output of the software and the method used for the analysis. Strobl and Schneider have
presented a detailed discussion of the autocorrelation function and the information that
can be determined from it. 39 Figure 1.5 is an image of periodic lines and the
corresponding graph of contrast as a function of distance, where the characteristic
period is 30 units (pixels) and each line is 10 units (pixels) wide. The autocorrelation
function obtained is shown in Figure 1.6A&B. As would be expected, C(x) is a series
of trangles with a peak-to-peak distance of 30 units (the period). The base of the
triangle is at 267 units (pixels) and the first peak is at 257 units (pixels), resulting the
width of 10 units (pixels). This is consistent with the pre-defined image in Figure 1.5.
An image of lines with distribution of thickness fluctuations, Figure 1.7A was used to
generate C(x) in Figure 1.7B, which shows a characteristic period and average
thickness, 30 pixels and 15 pixels, respectively. AFM images of gradient
heterogeneous surfaces were used in an identical fashion to get C(x). One example of
this is illustrated in Figure 1.8. First, the AFM images were converted to gray scale,
Figure 1.8A, then using equation 1, C(x) was calculated with the Scion software, shown
inset, and intensity was plotted as a function of distance. The average center-to-center
distance or characteristic period L and average heterogeneities d were determined to
have 435 nm and 172 nm, respectively. In this thesis, only the average center-to-center
distance will be used.
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Figure 1.5: An image of periodic lines and the corresponding graph of intensity as a
function of distance in pixels, showing characteristic period L=30 pixels and thickness
d=10 pixels.
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Figure 1.6: (A) Autocorrelation, C(x), of image in Figure 1.5 with a peak-to-peak
distance of 30 units (the period). (B) Autocorrelation, C(x), showing the base of the
triangle is at 267 units (pixels) and the first peak is at 257 units (pixels), resulting the
width of 10 units (pixels)
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Figure 1.7: (A) An image of lines with distribution of thickness fluctuations (B) the
corresponding autocorrelation, C(x), showing characteristic period L=30 pixels and
average thickness d= 1 5 pixels.
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Figure 1.8: (A) An example of the AFM images from gradient heterogeneous surfaces
and converted from color to grayscale; and (B) the corresponding autocorrelation, C(x),
showing characteristic period L = 435 nm and average domain d = 172 nm.
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Results and Discussion
Drawdown Coating Uniform Film
Drawdown coating using a threaded rod type apparatus was unable to produce
uniform thin films that were -30 nm in thickness. This film thickness is essential to
obtain cylindrical microdomains of the block copolymer oriented normal to the surface,
films prepared with this applicator had colors ranging from red to blue, which translates
into thicker films (tens of nanometers films should have a light brown color). For
example, with a rod wire diameter of 0.004 in., speed of 1.0 in./sec. and concentration
Of 1% PS-b-MMA (70/30, MW=73k) solution, film thicknesses measured by
ellipsometry every 1/8 of an inch along the draw direction were 189.7 nm, 181.9 nm,
155.2 nm, 164.9 nm, 187.2 nm, 178.6 nm, 146.7 nm, 161.4 nm and 130.1 nm; and in a
direction normal to this, 173.8 nm, 176.5 nm, 168.6 nm, 158.5 nm, 152.2 nm, 163.9 nm,
172.9 nm, 181.8 nm, 185.6 nm, 184.4nm, 182.4 nm, 1 76.9 nm and 173.9 nm. This film
thickness and variation were unsuitable for use.
Instead, a square blade coating procedure was used to generate -30 nm thin
films. The square blade clearance did not make a significant difference in film
thickness, and the fastest speed available on the coating apparatus was used to avoid
problems associated with solvent evaporation. Surface temperatures of 25°C to 80°C
were attempted, and a temperature of 80°C was found to produce the best uniform thin
film reproducibly. Using a square blade, PS (MW=52k) solution of 0.1%, blade
clearance of 1 mil, speed of 0.9 in./sec, and surface temperature of 80 °C, film thickness
were 10.1 nm, 10.2 nm, 11.5 nm and 10.0 nm every 1/8 of an inch. Increasing the
concentration to 0.2 % solution, film thicknesses increased to 13.9 nm, 16.0 nm, 16.3
18
nm and 16.6 nm. Further increasing the solution coneentration to 0.3% and 0.4%, film
thicknesses increased to 19.2 ma, 20.6 nm, 21.7 nm, 23.7 nm and 25.7 nm, 25.9 nm,
26.3 nm, 25.3 nm, respectively. These data were averaged and plotted as film thickness
as a function of solution concentration in Figure 1.9.
Changing surface temperature to 75 °C did not appreciate^ change the resultant
film thickness. In fact, with a 1% PS (MW=52k) solution in toluene with a blade
clearance of 1 mil and draw speed of 0.9 in./sec, the film was uniform in all directions.
The measured film thickness were 53.4 nm, 54.1 nm, 54.1 nm, 54.6 nm, 55.8 nm, 53.0
nm, 52.1 nm, 51.7 nm, 50.6 nm in one direction and 49.7 nm, 53.0 nm, 53.1 nm, 54.0
nm, 56.1 nm, 58.6 nm, 59.1 nm in the direction normal to this. By doubling the solution
concentration to 2 %, the thickness was also doubled to 1 18.1 nm, 1 19.1 nm, 121.8 nm,
125.7 nm, 125.9 nm, 120.7 nm and 1 14.7 nm. This is consistent with the data in Figure
1.9.
Given the above results, gradient heterogeneous surfaces were prepared
with PS-b-MMA (70/30, MW=73k) of 0.5% solution and PS (MW=52k) + PMMA
(MW=29k) of 0.5% solution. Film measurements taken from pure homopolymer blend
side to pure diblock copolymer side were 19.6 nm, 19.6 nm, 18.8 nm, 18.8 nm, 33.2 nm,
33.3 nm, 30.9 nm, 29.8 nm, 27.7 nm and 26.7 nm.
19
t'
Drawdown Coating
2.50%
solution concentration
Figure 1.9: Film thickness as a function of solution concentration using drawdown
coating apparatus using blade clearance of 1 mil, speed of 0.9 in./sec and surface
temperature of 80 C.
Discrete Samples
A series of discrete studies was done by systematically changing the
concentration of PS (MW=50k)/PMMA (MW=29k) blended with PS-b-MMA (70/30)
having MW=73k. PS has lower surface energy than PMMA, and consequently, most of
the PS goes to the polymer air interface, Figure 1.10 (left). By washing the
PS/PMMA/PS-b-MMA film with a selective solvent, cyclohexane, a distinct
morphology was observed by AFM, Figure 1.10 (right). This is further supported by X-
ray photoelectron spectroscopy (XPS), Figure 1.11, which shows the n —* n* transition
of the phenyl rings of styrene (higher resolution XPS spectra for C| S) at a 75° take-off
angle before washing with cyclohexane. After the cyclohexane wash, both the it —* n*
20
at 293 eV and carbonyl peak for methacrylate units at 290.5 eV are evident in the higher
resolution sweeps, Figure 1.12.
AFM images of films prepared from eleven different mixtures of PS, PMMA
and PS-b-MMA with and without a PDMS overlayer are shown in Figure 1.13-1.18
and Figure 1.19 - 1.24, respectively. As can be seen, as the concentration of the
copolymer increases, the size scales of the heterogeneities decrease. The difference
between the two preparations with and without the PDMS overlayer arises from the
preferential segregation of PS, the lower surface energy component, to the air interface,
which is absent when the PDMS is used. This surface segregation required the use of
reactive ion etching with oxygen to remove the topmost ~6 nm of the film, thereby
exposing the underlying morphology. From these images and, more quantitatively, from
the correlation function of the images, the average size of the heterogeneities is seen to
vary from -30 nm for the copolymer to 6 urn for the mixture. Only slight differences in
the correlation lengths were seen between the two different preparations, indicating that
changes in the concentration due to surface segregation were not significant, Figure
1.25.
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Figure 1.10: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 0.67 : 0.33 spin
coated onto a neutral surface of PS-r-MMA (0.58/0.42), annealed at 170 °C for 2 days
(left) and washed with cyclohexane (right).
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Figure 1.1 1: XPS C !s region of PS/PMMA/PS-b-MMA surface at 75° take-off angle
before cyclohexane wash.
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Figure 1.12: XPS C, s region of PS/PMMA/PS-b-MMA surface at 75° take-off angle
after cyclohexane wash.
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Figure 1.13: AFM images of PS 52k + PMMA 21k: PS-b-MMA 71k= 1:0 (left) and
0.9 : 0.1 (right) spin coated onto a neutral surface of PS-r-MMA (0.58/0.42), annealed at
170 °C for 2 days, RIE, UV and washed with with acetic acid with air configuration.
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Figure 1.14: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 0.8 : 0.2 (left)
and 0.7 : 0.3 (right) spin coated onto a neutral surface ofPS-r-MMA (0.58/0.42),
annealed at 1 70 °C for 2 days, RIE, UV and washed with acetic acid with air
configuration.
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Figure 1.15: AFM images of PS 52k + PMMA 21k: PS-b-MMA 7 1 k = 0.6 : 0.4 (left)
and 0.5 : 0.5 (right) spin coated onto a neutral surface of PS-r-MMA (0.58/0.42),
annealed at 1 70 C for 2 days, RIE, UV and washed with acetic acid with air
configuration.
24
1111147. TQ2
iiiiida.roz
Figure 1.16: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 0.4 : 0.6 (left)
and 0.3 : 0.7 (right) spin coated onto a neutral surface ofPS-r-MMA (0 58/0 42)
annealed at 1 70 °C for 2 days, RIE, UV and washed with acetic acid with air
configuration.
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Figure 1.17: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 0.2 : 0.8 (left)
and 0.1 : 0.9 (right) spin coated onto a neutral surface of PS-r-MMA (0.58/0.42),
annealed at 1 70 °C for 2 days, RIE, UV and washed with acetic acid with air
configuration.
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Figure 1.18: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 0:1 spin coated
onto a neutral surface of PS-r-MMA (0.58/0.42), annealed at 170 °C for 2 days, RIE,
UV and washed with acetic acid with air configuration.
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Figure 1.19: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 1 : 0 (left) and
0.9 : 0.1 (right) spin coated onto a neutral surface of PS-r-MMA (0.58/0.42), annealed at
170 °C for 2 days, RIE, UV and washed with acetic acid with crosslinked PDMS
configuration.
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Figure 1.20: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 0.8 : 0.2 (left)
and 0.7 : 0.3 (right) spin coated onto a neutral surface of PS-r-MMA (0.58/0.42),
annealed at 1 70 °C for 2 days, RIE, UV and washed with acetic acid with crosslinked
PDMS configuration.
Figure 1.21: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 0.6 : 0.4 (left)
and 0.5 : 0.5 (right) spin coated onto a neutral surface of PS-r-MMA (0.58/0.42),
annealed at 1 70 °C for 2 days, RIE, UV and washed with acetic acid with crosslinked
PDMS configuration.
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Figure 1.22: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 0.4 : 0.6 (left)
and 0.3
: 0.7 (right) spin coated onto a neutral surface of PS-r-MMA (0.58/0.42),
annealed at 170 °C for 2 days, RIE, UV and washed with acetic acid with crosslinked
PDMS configuration.
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Figure 1.23: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 0.2 : 0.8 (left)
and 0.1 : 0.9 (right) spin coated onto a neutral surface of PS-r-MMA (0.58/0.42),
annealed at 170 °C for 2 days, RIE, UV and washed with acetic acid with crosslinked
PDMS configuration.
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Figure 1 .24: AFM images of PS 52k + PMMA 21k : PS-b-MMA 71k = 0 : 1 spin coated
onto a neutral surface of PS-r-MMA (0.58/0.42), annealed at 170 °C for 2 days, RIE,
UV and washed with acetic acid with crosslinked PDMS configuration.
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Figure 1.25: Autocorrelation of discrete samples with Air/Polymer and crosslinked
PDMS/Polymer interface.
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Gradient Surfaces
These discrete studies demonstrated the range in size scales of the morphologies
that can be accessed with homopolymers/copolymer mixtures in thin films. A gradient
surface was prepared by interdiffusing the homopolymer and copolymer solutions and
then blade coating the gradient solution normal to the gradient. The AFM images in
Figure 1 .26 show the gradient in the morphology achieved by this approach.
size
The correlation function, determined from these images, yielded an average
scale of the heterogeneities that varied from 70 to 370 nm over a distance of -1000 urn,
shown in Figure 1 .27. Measurements at the extreme ends of the film produced larger
size scale structures for the pure homopolymer mixtures and smaller size scales for the
pure copolymer. These are not shown, since the variation in the size scale of the
morphology was sigmoidal in shape and only the region where large changes in the size
scale was evident is discussed. Alternate routes to control the magnitude of the gradient
in the size scale of the morphology are being developed by changing the concentration
of the solution across the surface in a more systematic manner.40
"41
It should also be
noted that the size scale of the morphology in the drawing direction did not vary
appreciably over distances of several centimeters.
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Figure 1.26: AFM image of gradient heterogeneous surfaces with air interface,
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Figure 1.27: Autocorrelation of gradient heterogeneous surfaces with air interface
Conclusion
Gradient heterogeneous surfaces where the lateral length scales of the
heterogeneities vary from microscopic to nanoscopic features have been prepared to
study wetting, thin film dewetting, cell adhesion and cell migration on a surface.
Optimal conditions are established to translationally coat thin films, tens of nanometer
thick, and to maintain a gradient solution in composition across a surface. The
morphologies of discrete samples having different concentrations of PS, PMMA and
P(S-b-MMA) on PS-r-MMA (0.58/0.42) in thin films were examined to generate
32
gradients in length seale. Gradient heterogeneous surfaces with lateral interactions from
the nanoscopic to the microscopic were prepared using homopolymer blends and
diblock copolymers.
1
References
m7to 64
KramCr
'
Rafail°vich
'
M
; Sokolov
'
J
-
APPlied p*y* better
2. Seok, K.; Freed F.; Szleifer, I. J. Chem. Phys. 2000, 1 12, 14.
3. Boltau, M; Walheim, S.; Mlynek, J.; Krausch G.; U. Steiner, Nature 1998, 391,
877.
4. Kielhorn, L.; Muthukumar, M. J. Chem. Phys. 1999, 111,5.
5. Petera and M. Muthukumar, J. Chem. Phys. 1997, 107 (22), 9640.
6. Fasolka, M. J.; Harris, D. J., Mayes, A. M.; Yoon M.; Mochrie, S. G. J. Physical
Review Letters 1997, 79, 16, 3018.
7. Heier, J.; Genzer, J.; Kramer, E. J.; Bates, F. S.; Walheim, S.; Krausch, G. J.
Chem. Phys. 1999, 1 1 1, 24, 1 1 101
.
8. Yang, X. M.; Peters, R. D.; Nealey, P. F.; Solak H. H.; Cerrina, F.
Macromolecules, 2000, 33, 9575.
9. Clark, P., Connolly, P., Curtis, A. S., Dow, J. A. and Wilkinson, C. D.
Development 1990, 108, 635-644.
10. R. G. Flemming, C. J. Murphy, G. A. Abrams, S. L. Goodman, P. F. Nealey,
Biomaterials 1999, 20, 573-388.
11. Patel, N., R. Padera, G. H. Sanders, S. M. Cannizzaro, M. C. Davies, R. Langer,
C. J. Roberts, S. J. Tendler, P. M. Williams, and K. M. Shakesheff. FASEB J.
1998, 12:1447-1454.
33
Whitesides. /Voc. Natl.Acad. Sci. U.S.A. 1996, 93:10775-10778.
14. Tirrell, M.; Kokkoli E.; Biesalski, M. Surface Science 2002, 500 (l-3):61-83.
15
' ?o^
k0
^n'
;ihc?rab0rty ' A - K ; Shakhn°vich, E. I. Chemical Physics Letters1""7, zoU, 46-52.
16. Golumbfskie, J.; Pande, V.S.; Chakraborty, A. K. Proceedings of the National
Academy ofSciences 1999, 96, 21, 1 1707 - 11712.
17. Bain, C. D., and Whitesides, G. M.,J. Am. Chem. Soc. 110, 3665 (1988).
18. Bain, C. D., Troughton, E. B., Tao, Y.-T., Evall, J., Whitesides, G. M, and
Nuzzo, R. G., J. Am. Chem. Soc. Ill, 321 (1989).
19. Oner, D.; McCarthy, T. J. Langmuir 2000, 16, 7777-7782.
20. Bico, J.; Tordeux, C; Quere, D. Europhysics Letters 2001, 55 (2), 214.
21. Lei Z., Cebeci, F. C., Cohen, R. E., and Rubner, M. F., Nanoletter, to appear.
22. Chen, W., Fadeev, A. J., Hsieh, M. C, Oner, D., Youngblood, J., McCarthy, T.
J., Langmuir 1999, 15, 3395-3399
23. Youngblood, J., McCarthy, T., Macromolecules 1999, 32, 6800-6806
24. Chaudhury, M. K. & Whitesides, G. M. 1992 How to make water run uphill.
Science 256, 1539-1541.
25. Reiter, G. Physical Review Letters 1992, 68, 1, 75.
26. Rockford, L.; Liu, Y.; Mansky, P.; Russell, T. P.; Yoon, M.; Mochrie, S. G. J.
Physical Review Letters 1999, 82, 12, 2602.
27. Rehse, N., Wang, C, Hund, M., Geoghegana, M., Magerle, R. and Krausch, G.,
Eur. Phys. J. E 4, 69-76 (2001)
34
28. Veis A and George A., Fundamentals of Interstitial Collagen Self-Assembly
. In
a If
-E
-Birk ^ RP Mecham (Eds -)' Extracellular MatrixAssembly and Structure, Academic Press, (pp. 15-45)San Diego (1994)
29. Chou, S Y., Krauss, P. R. and Renstrom, P. J. Nanoimprint Lithography.
Journal ot Vacuum Science Technology B14, 4129-4133 (1996)
30. Mansky, P., Huang, E., Liu, Y.
,
Russell, T.P. and Hawker, C, Science 275
1458 (1997) '
J
'
3 1
.
Chiu, G. L.-T. and Shaw, J. M., IBM Journal of Research and Development 41
1/2,1997,3 ' '
32. Dr. Artur Goldchmidt, Dr. Hans-Joachim Streitberger, Handbook on Basics of
Coating Technology, 01 August, 2003 William Andrew Publishing
33. Donatas Satas, Arthur A. Tracton, Coatings Technology Handbook 15 January
2000 Marcel Dekker
34. R. F. Bunshah, Handbook of Deposition Technologies for Films and Coatings:
Science, Technology and Applications (Materials Science and Process
Technology Series. Electronic Materials and Process Technology), March, 1994
Noyes Publications
35. James J. Licari, Laura A. Hughes, Handbook of Polymer Coatings for
Electronics: Chemistry, Technology and Applications, September, 1990 Noyes
Publications
36. D. Satas, Coatings Technology Handbook, 28 June, 1991 Marcel Dekker
37. Xu, T.; Hawker, C. J.; Russell, T. P., Interfacial Energy Effects on the Electric
Field Alignment of Symmetric Diblock Copolymers, Macromolecules; 2003;
36(16); 6178-6182
38. Autocorrelation analysis performed on a PC computer using the public domain
NIH Image program (developed at the U.S. National Institutes of Health and
available on the Internet at http://rsb.info.nih.gov/nih-image/) - Scion software.
39. G. R. Strobl and M. Schneider, J. Polymer Science: polymer physics edition, 18,
1343-1359 (1980)
40. J. C. Meredith, A. P. Smith, A. Karim and E. J. Amis, Macromolecules,
Combinatorial material sciencefor polymer thinfilm dewetting, 2000, 33, 9747
35
J. C. Meredith, A. Karim and E. J. Amis, Macromolecules, High-
Measurement ofPolymer Blend Phase Behavior, 2000, 33, 5760
36
t
CHAPTER 2
THIN FILM ON GRADIENT HETEROGENEOUS SURFACES
Introduction
The stability of polymer thin films is important in many technological processes
ranging from polymer coatings to pattern formations that affect products related to
photography, magnetic media, adhesive tape, car panels and other decorative coatings.
Many studies have been done to understand the behavior of liquid droplets, thin film
dewetting and homopolymer blends on chemically homogeneous 1
" 3
and chemically
heterogenous surfaces4
"7
. Understanding the governing principles behind wetting and
thin film morphology provide routes to produce stable films with the desired properties.
However, real surfaces are inherently heterogeneous both chemically and
topographically. For example, molded surgical components, such as catheters, can be
coated to improve biocompatibility, lubricity and protection against the corrosive effects
of biofluids. These molded medical components are usually rough and contain a variety
of chemical compositions. The heterogeneities can vary from the micrometer to
nanometer length scales, both chemically and topographically. Gradient heterogeneous
surfaces are well suited to address surface properties over multiple length scales
simultaneously. In this chapter, the dewetting of thin PS films (a one component
system) and the morphology of homopolymer blends of PS and PMMA (a two
component system) are investigated on a topographically heterogeneous surfaces.
How a liquid droplet wets a surface depends on the surface energies, the surface
chemistry and surface topography. Homogeneous surfaces can be modified chemically
37
to alter the wetting behavior. Various methods are available to tailor a surface for a
specific application. For example, a Teflon® coating is widely used to hydrophobize a
surface. Coating methods include chlorosilane chemistry8
, self-assembled alkanethiols
monolayers9
,
chemical vapor deposition 10 or Langmuir-Blodgett methods 11
.
Hydrophobic surfaces can be made superhydrophobic by use of topography, as shown
by Quere et al. 12
,
McCarthy 13 et al. and others. 14 McCarthy and coworkers 15
- 16
demonstrated that the continuity of the three-phase contact line and contact angle
hysteresis, the difference between the advancing and receding contact angle, depend on
the size scale and topology of the roughness. These wetting/dewetting properties play
important roles in the patterns formed by the thin PS films of dewetting and
homopolymer blends of PS and PMMA, since thin film stability on a surface involves
an interplay of capillary forces and wetting properties.
Understanding the stability criteria of thin liquid films on surfaces aids in
developing techniques to avoid film rupture and dewetting. This has important
ramifications in coating applications, such as in photolithography resists or painting.
This area of research has been pioneered by Reiter et al. In studies of the the
dewetting of thin PS films on homogeneous surfaces, such as silicon oxide surfaces 17
,
1
8
and surfaces with a self-assembled layer of octadecyltrichlorosilane
,
they found that
dewetting proceeded in three stages. First, the film is ruptured by the initiation of holes.
Then, the holes grew forming "cellular" structures. Finally, the rims broke up into
droplets of polygonal patterns. For high contact angles, as in the case of
octadecyltrichlorosilane, the edge of the holes had fingering instabilities that eventually
formed droplets. On the other hand, for low contact angles, the polygonal patterns led
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to the formation of droplets. On heterogeneous surfaees, Rockibrd et al. 19 and Rehsc ct
al.
20
investigated single and multieomponenl polymer systems on silicon oxide
surfaces patterned with lines of gold. They observed that PS dewetted on silicon oxide
and segregated to the gold stripes. Thin polymer film dewetting on patterned
heterogeneous substrates can be used for replication as shown by Harkema. 21 Here, the
behavior of thin PS films on heterogeneous surfaces of oxidized PS and P(S-r-MMA)
with topographic heterogeneities from the nanometer to micrometer are discussed. PS is
expected to dewet both the oxidized PS and P(S-r-MMA). Topography is found to play
a dominant role in dictating dewetting behavior. Variations in the lateral length scale
are shown to affect thin PS film dewetting from nanometer to micrometer dimensions.
The morphology of homopolymer blends of PS and PMMA on a surface is more
complicated than that of thin PS film dewetting, since it involves a combination of
phase separation and interfacial interactions. Yet, understanding patterns formed by
homopolymer blends on a surface has important ramifications on technological
applications and the fundamental science underlying phase transitions in thin films.
• i j 22
Reich and Cohen
,
for example, found a shift in the phase separation temperature of
polystyrene and polyvinylmethylether films for films with thicknesses less than 1 |im.
Other investigators have reported preferential surface segregation of one component to
the interfaces in a thin film of homopolymer blend. " Surface energy differences, seen
even in isotopic blends and mixtures of the same polymers with different chain length
26 27
can cause the enrichment of one component at the surface. Surface-directed
spinodal decomposition caused by this enrichment appears to be a general phenomenon
for polymer mixing in thin films. This decomposition has been observed in many cases,
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including those for polyethylene propylene)/perdeuterated polyethylene propylene) 3
mixture, which has an upper critical solution temperature, and a dcuterated
polystyrene/tetramethyl-Bisphenol-A polycarbonate mixture, which has a lower critical
solution temperature.28
Unlike homopolymer blends on a uniform surface, phase separation can be
mediated on surfaces to vary interfacial interactions. For example, Krausch et al. and
Boltau et al. observed periodic stripe-like domain structures of PS/PSBr on a 2 urn
periodic array of a Cr/hydrogen passivated surface and PS/PVP on a 2.4 mn periodic
array of Au/SAM pattern4,6
.
On a 60 nm patterned substrate, however, Rockford et al. 1 ''
found that polymer blends macroscopically phase separate away from the surface, as if
on a homogeneous surface, yet, adjacent to the surface, phase separation on the
nanoscopic level was observed. In this chapter, the morphologies in thin films of
homopolymer blends of PS and PMMA on topographically heterogeneous surfaces of
oxidized PS and P(S-r-MMA) are discussed. The lateral length scale is shown to
dramatically alter the morphology of homopolymer blends.
Experimental
Materials
Asymmetric diblock copolymers of polystyrene, PS, and poly(methyl
methacrylate), PMMA, denoted PS-6-PMMA with a molecular weight of 73,000 and a
polydispersity 1 .04 were prepared in house by standard anionic polymerization methods.
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The volume fraction of PS is 0.7 and, therefore, the equilibrium morphology of the
copolymer is one with 20 nm diameter cylindrical microdomains of PMMA with an
average separation distance of 30 nm. PS and PMMA with narrow molecular weight
distributions and molecular weights of 52,000 and 29,000, respectively, were purchased
from Polymer Laboratories and used without further purification. Hydroxy-terminated
random copolymers of styrene and methyl methacrylate, denoted P(S-r-MMA), with a
styrene fraction of 0.58 were prepared by a living free radical nitroxide mediated
synthesis.
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Gradient Heterogeneous Surfaces
Gradient heterogeneous surfaces were made as described in the previous chapter.
Briefly, a gradient solution of diblock copolymer and homopolymer blends was
generated by the interdiffusion of two drops of homopolymer blends (PS+PMMA) and
diblock copolymer (PS-fr-MMA) solutions across a P(S-r-MMA) (0.58/0.42) coated
surface to generate a gradient heterogeneous thin film as described Chapter 1. The
solvent for all solutions was toluene. Films were oxygen reactive ion etched for 35
seconds at 25 watts to remove the top ~6 nm of the films. Subsequently, the films were
exposed to ultraviolet radiation in vacuum for 35 minutes to crosslink the PS and
degrade the PMMA. The films were then washed for 3 minutes with acetic acid, rinsed
with water and dried.
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Spin-coating is a standard industrial process that provides uniformly thick films
over large areas from polymer solutions. A drop of polymer solution is placed onto a
substrate that is rapidly rotated. The solution then spreads out into a uniformly thick
film. Even though this is a highly non-equilibrium process, the wetting properties of the
polymer solution allows a polymer with non-favorable surface interactions to be spin
coated onto a substrate. 17 Although PS interact unfavorably with silicon oxide, the
favorable wetting properties of toluene enables uniform PS films to be coated.
However, annealing the PS film above the glass transition temperature results in a PS
dewetting due to unfavorable surface interactions. 18 Here, either PS solution or
PS+PMMA solution was spin coated onto heterogeneous surfaces having topographical
features and annealed above the glass transition temperature. The manner in which
polymer solution spreads and coats onto gradient heterogeneous surfaces may have an
impact on the subsequent morphology. Although the present investigation is not
focused on this process, the effect of spin coating will be discussed very briefly.
Thin Film On Gradient Heterogeneous Surfaces
Before evaluating the dewetting of homopolymer or blend films on gradient
heterogeneous surfaces, the surfaces were characterized by both optical and atomic force
microscopies (AFM). Optical microscopy showed opaque films on the side of the
gradient with the homopolymer mixture, indicating macroscopic phase separation, while
a transparent film with very light brown color at the other end of the gradient was found,
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as would be expected from nanometer-sized features from the microphase separation of
diblock copolymers. The surfaces were further examined using SFM from one side of
the gradient to the other, several cm apart. It should be noted that SFM can be
programmed to scan several centimeters while maintaining spatial resolution. To
examine PS dewetting, a 1% PS (52k) solution in toluene was spin coated onto the
reactive ion etched and UV exposed gradient heterogeneous surfaces. Samples were
then annealed under vacuum for 2 hours at 170 °C. Optical micrographs showed
striking morphological changes as a function of lateral length scale of the surface
features. Similiarly, 1% solution of PS (52k) + PMMA(29k) solution in toluene were
spin coated onto the reactive ion etched, UV exposed gradient heterogeneous surfaces
and annealed in vacuum for 24 hours at 170 °C. The morphology was characterized by
SFM. No interpretable information could be obtained on the films after annealing.
Hence, a selective solvent, cyclohexane, was used to remove PS to understand the
underlying morphology.
Results and Discussion
The dewetting of a 30 nm thick PS
utility of these surfaces with a gradient in the
dewets the surface regardless of the lateral
uniform surfaces of P(S-r-MMA) or PS that
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film (MW=52k) is used to illustrate the
morphology. PS, as shown in Figure 2.1,
length scales of the heterogeneities. On
has been oxygen plasma-treated and UV
exposed, PS is seen to dewet on either uniform surface. After 2 hours of annealing at
170 °C, the characteristics of the dewetting are seen to depend strongly on the length
scale of the heterogeneities. Such behavior has been seen previously by Quere and
coworkers 8
,
McCarthy et al. 9 and others 10 where, by varying the length scales of surface
topographies, surfaces can be made ultra-hydrophobic or superwetting, depending upon
the spreading coefficient of the fluid on a perfectly smooth surface.
If we examine first the results on the surface labeled Intermediate, PS is seen to
form isolated droplets that are microns in size, arranged in polygonal patterns. This, as
discussed by Reiter et al. 17
,
results from the impingement of dewetting fronts that have
been randomly initiated across the film. Such behavior is, for example, seen with PS on
a silicon oxide surface. Decreasing the length scale of the heterogeneities further, to the
nanoscopic level, the number of sites where dewetting has nucleated is significantly
depressed and only isolated dewetting sites are evident. This suggests that, as the size
scales of the heterogeneities decrease, the ability of the PS to sense the underlying P(S-
r-MMA) substrate decreases. PS is not able to wick between the oxygen plasma-treated
PS topographical features on the surface and reduces contact with the exposed P(S-r-
MMA) substrate. Thus, the PS homopolymer effectively bridges from one surface
feature to the next. As the size scales increase, such bridging is not possible, so the PS
homopolymer dewets the P(S-r-MMA) and rests on the oxygen plasma-treated PS
feature. On the micron length scale, uniform dewetting droplets are formed without the
formation of polygon patterns. This suggests that the initial hole growth is not random
but rather biased by the micron-sized domains. In fact, it appears as if the dewetting
droplets conform to the micron-sized patterns on the surface.
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Other factors can also play an important role in the final morphology of PS film
on the gradient heterogeneous surfaces. Since the PS solution is spin coated onto the
gradient surfaces, the wetting behavior of PS and toluene solution on patterned surfaces
of oxidized PS and P(S-r-MMA) can dictate the final morphology. Furthermore, the
evaporation process of toluene and the capillary forces of PS film drying can all
contribute to the dewetting behavior of PS on gradient heterogeneous surfaces.
Although the film appears to coat uniformly, heterogeneities may still exist in spreading
the polymer solution and drying the film. These heterogeneities can initate the
dewetting nuclei, and thus, the final morphology may be biased by the heterogenous
nuclei. In addition, during the annealing process, viscosity, disjoining pressure and
interfacial tension can dictate the dynamics of instabilities, and thus, pattern formation.
45
Intermediate
Area
t
i • r
y
K
!
-
% *
Figure 2.1: Optical microscopy - the dewetting of 30 nm thick PS film on gradient
heterogeneous surfaces at 2 hours of annealing at 170 °C.
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The phase separation on surfaces with chemical and topographic heterogeneities
involves a combination of phase separation, wettability and capillarity. As discussed in
the Introduction, many studies have appeared dealing with the phase separation of thin
film polymer blends on homogeneous surfaces 1
" 3
and on chemically patterned
substrates
4 '6
.
Here, homopolymer blends of PS (52k) and PMMA (29k) were spin
coated onto the gradient heterogeneous surfaces of oxidized PS and P(S-r-MMA). After
annealing the sample, no discernable features were detected using SFM and, hence,
cyclohexane, a selective solvent for PS, was used to remove PS so as to elucidate the
underlying morphology. In Figure 2.2, phase separation is seen from the nanoscopic to
microscopic lateral length scale, after annealing at 170 °C for 24 hours and washing
with cyclohexane, a selective solvent for PS. This implies that the chemical
heterogeneities of oxidized PS and P(S-r-MMA) do not appear to play a major role in
directing the phase separation. The topography, however, has a strong influence on the
morphology of the mixtures in thin films.
A striking effect can be seen at the boundaries between the PS and PMMA
domains. For example, these wavy contact lines on heterogeneous surfaces have been
theoretically treated by Swain and Lipowsky for wetting phenomena on rough and
chemically heterogeneous surfaces. The oscillation of the contact line between PS and
PMMA is observed regardless the length scale of the surface heterogeneities. However,
the fluctuations at the PS and PMMA interface is significantly more pronounced in the
case of surfaces where the heterogeneities are on the micron length scale. Thus, larger
heterogeneities appear to produce larger fluctuations of the contact line. For surfaces
with a smaller length scale of heterogeneities, the energetic cost of having the increased
l'
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surface area is too high and the phase separated morphology can not follow the
patterning.
Several investigators have shown that phase separation can occur in the plane of
ultrathin films as opposed to surface-directed spinodal decomposition, normal to the
substrate, and phase separation proceeds from a ribbon morphology and coarsens to
droplets of circular patterns embedded within the film32
"34
. In our experiments, a thin
film (-30 nm) of PS and PMMA was spin coated onto the gradient heterogeneous
surfaces. The morphology changes from holes at the intermediate region to a mixture of
ribbons and holes on the nanoscopically heterogeneous surface. This suggests that
coarsening kinetics is suppressed as the lateral length scale of the surface
heterogeneities decreases. It is evident that this results from an interplay between phase
separation, dewetting and capillarity of the thin film mixture.
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Figure 2.2: AFM image of thin film of PS (52k ) + PMMA (29k) on gradient
heterogeneous surface annealed at 170 °C for 24 hours and washing with cycloh
with the left and right showing height and phase, respectively.
t'
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Conclusion
These studies show that gradient heterogeneous surfaces provide a simple and
direct means of assessing lateral length scale. In both thin film dewetting and phase
separation, the lateral length scale of the heterogeneities has strong influence on the
kinetics of pattern formation and the contact line of the dewetting droplets. Moreover,
both thin PS film dewetting and homopolymer blend PS and PMMA show three distinct
areas of patterns from micrometer to nanometer. The mechanism governing these
behaviors would be an attractive topic for future investigation to fully understand the
evolution of these pattern formation, and thus, control thermal stability of polymer thin
films in various technologies.
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CHAPTER 3
CELL ADHESION AND MIGRATION ON GRADIENT HETEROGENEOUS
SURFACES
Introduction
Cell adhesion and migration are critical in physiological situations and medical
applications. The controlling parameters that govern cell adhesion and migration have
significant implications to applications ranging from biosensors to implants to tissue
engineering and to bioreactors. Cells live in a microenvironment called the extracellular
matrix (ECM) that consists of proteins, polysaccharides and others species. These
biopolymers can form various structures from the nanometer to micron length scales.
For example, collagen fibrils have a 66-nm repeat beading and the fibers form into
macroaggregates, like cables (tendon) and regular layers (bones) 1
. Cell-substrate
interactions are central to understand cell adhesion and migration. Recent studies have
shown that topography plays an important role in cell adhesion, and cells respond to
topographic features on the nanometer and micron length scales2
"8
. In vivo, cells adhere
to and migrate in the basement membrane substrata that are on the nanometer length
scale
9" 10
. Therefore, it is necessary to identify the effects of length scale and surface
chemistry on cell adhesion and migration so as to optimize scaffolds for tissue
engineering or surfaces for medical devices.
With a uniform surface chemistry, cells will align along topographic features.
On a grooved surface, for example, cells will respond to grooves with the actin
cytoskeleton fibers, the fibrous structural organization of the cytoplasm, oriented
t'
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parallel to the grooves. This phenomenon is known as contact guidance. 2 '6 Contact
guidance has important implications in embryonic morphogenesis, axon formation, and
wound healing. Cells also react differentially to chemical signals when attached to
adhesive as compared to non-adhesive patterns7
. Both chemistry and geometry have
important consequences on cell adhesion2
"7
. Patterns generated by homopolymer blends
and diblock copolymers are well suited to study the role of topography on cell adhesion
in a very simple manner. Thin films of homopolymer blend macroscopically phase
separate with domain sizes typically on the micron length scale, whereas diblock
copolymers microphase separate into well-defined arrays of domains tens of nanometers
in size
11 " 14
.
Thus, with mixtures of homopolymers and diblock copolymers, the size
scale of the morphology can be systematically controlled from the nanometer to
micrometer length scale by varying the relative concentration of the components. In this
chapter, cell spreading, actin cytoskeleton morphology and cell migration speed are
investigated on substrates where the lateral length scale of the surface topography and
chemical functionality are varied. A marked dependence on the length scale of the
surface topography is found.
Experimental
Surface Preparation
Surfaces where the lateral length scale of heterogeneities varied from nanometer
to micrometer were prepared using thin films of mixtures of homopolymers with
diblock copolymers. The relative concentrations of homopolymers and block
copolymers were varied to obtain nanometer to micrometer domain sizes. Asymmetric
diblock copolymers of polystyrene, PS, and poly(methyl methacrylate), PMMA, denoted
f
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P(S-b-MMA) with a molecular weight of 73,000 and a polydispersity 1.04 were
prepared by standard anionic polymerization methods. The volume fraction of PS in the
PS-b-MMA is 0.7 and, therefore, the equilibrium morphology of the copolymer is one
with cylindrical microdomains of PMMA averaging 20 nm in size with an average
separation distance of 30 nm. PS and PMMA with narrow molecular weight
distribution and molecular weights of 52,000 and 29,000, respectively, were purchased
from Polymer Laboratories and used without further purification. Five separate surfaces
of various concentrations of the diblock copolymer, PS-b-MMA, in the homopolymer,
PS + PMMA, shown in Table 3.1, were made. Polymer solutions were made using
toluene as a solvent. A thin film of 1% solution of homopolymer blend and diblock
copolymer was spin coated on a neutral surface anchored to a silicon wafer by hydroxy-
terminated random copolymers of styrene and methyl methacrylate. These were
prepared by a living free radical nitroxide mediated synthesis. This P(S-r-MMA) was
anchored to the native oxide layer of a silicon substrate as described previously 13
" 14
.
With such a substrate, the interfacial interactions of silicon oxide with PS and PMMA
are balanced.
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Surface Name Volume fraction of
PS (MW - 52k) +
PMMA (MW - 29k)
Volume
fraction of
PS-b-MMA
1MW = 71k)
Autocorrelation
period
o um surtace 1 0 6 um
/iO nm surtace 0.83 0.17 730 nm
580 nm QurFarp
•-' uv 11111 Jin u.o / 0.33 580 nm
1 1 0 nm surface 0.33 0.67 HOnm
60 nm surface 0.16 0.84 60 nm
Table 3.1
:
Average length scales of the patterned surfaces with the corresponding
volume fraction of homopolymer blend and diblock copolymers.
The samples were annealed at 170°C, reactive ion etched with oxygen to remove
the top ~6 nm PS layer, and then the films were exposed to ultraviolet radiation for 35
minutes to crosslink the PS and degrade the PMMA. In our experiments, the oxygen
plasma-treated and UV exposed PS were oxidized. The films were subsequently
washed for 3 minutes with acetic acid to remove PMMA, rinsed with water and dried.
A schematic diagram of the surface preparation is shown in Figure 3.1. AFM images of
the heterogeneous surfaces, Figure 3.2-3.4, were used to determine the autocorrelation
function
15
,
which is defined as
00
C(x) =
I
f{x)f(x - x })dx
-00
where f(x) is the height of the surface as function of the distance vector x. The position
of the first peak in C(x) was used to define a lateral length scale of the heterogeneities.
To determine if cells preferentially adhere to oxygen plasma-treated and UV
exposed PS or P(S-r-MMA), two surfaces of PS and PMMA were also prepared
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following the same procedure as the patterned surfaces, to produce a flat surface o
uniform oxygen plasma-treated and UV exposed PS and P(S-r-MMA).
Oxygen RIE - etched the top PS layer
UV - crosslinked PS, degraded PMMA
Acetic Acid - washed away PMMA
Wi Polystyrene Polymethyl methacrylate
Random copolymer of PS and PMMA
Silicon wafer or Ultra smooth PET
Figure 3.1: Schematic representation of the fabrication of gradient heterogeneous
surfaces for the cell migration study.
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5.00 jjm
Figure 3.2: AFM images of 6000 nm and 730 nm patterned
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0 5.00 um
Figure 3.4: AFM image of a 60 nm patterned surface.
Cell Spreading Area
NIH-3T3 murine fibroblasts (American Type Culture Collection, Rockville,
MD) were maintained as subconfluent monolayers in Dulbecco's Modified Eagle's
Medium (Sigma-Aldrich; St. Louis, MO) with 10% (v/v) calf serum (Atlanta
Biologicals; Norcross, GA) , 100 ug/ml streptomycin and 60 units/ml penicillin (Fisher
Scientific; Atlanta, GA) in a humidified 5% CO2 incubator at 37°C.
For cell spreading area assays, adherent cells were detached with 0.01% trypsin-
EDTA, washed with 0.01% soybean trypsin inhibitor in serum-free medium and
resuspended at a density of 1-2 X 105 cells/ml DMEM with 10% calf serum. Equal
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numbers of suspended cells were plated onto prepared surfaces and glass cover slips
coated uniformly with fibronectin as control surfaces (Becton-Dickinson; Franklin
Lakes, NJ) were placed in covered 35 mm 2 polystyrene tissue culture plates. Plated cells
were kept in a humidified 37°C incubator. Cells were allowed to spread on the surfaces
for 30, 60, 90 and 120 minutes, and the samples were fixed in 0.25% glutaraldehyde
for one minute, then permeabilized in Karsenti's Buffer (0.5% Triton X-100, 80 mM
PIPES, 1 mM MgS04 , 5 mM EGTA, pH 6.9) for 1 minute. Fixed cells on surface chips
were washed and then stored in phosphate-buffered saline containing 0.1% Tween-20
and 0.02% Na Azide. To analyze cell spreading area, cells were incubated for 15
minutes in rhodamine-labeled phalloidin (Molecular Probes, Eugene, OR) following the
manufacturer's instructions. Samples were washed extensively with phosphate buffered
saline and placed between a glass slide and glass coverslips following addition of
ImmunoFluor mounting medium (ICN Biomedicals Inc, Irvine, CA) and sealed with
nail polish. Cells were photographed and cell spreading area evaluated at indicated
intervals by fluorescence microscopy, using an Olympus BX51 reflection fluorescence
microscope. The data shown represent means and standard error of the mean (SEM) of
three experiments and five fields in each experiment. At least 1 50 cells were analyzed
for each data point. Cell spreading area was analyzed using "Image J", downloadable
from NIH 15 .
Cytoskeleton-Actin
Cells were plated on patterned and flat surfaces and allowed to spread for either
two or eighteen hours in DMEM with 10% serum, fixed and permeabilized as above in
Karsenti's Buffer for 1 minute followed by an additional fixation in 0.5%
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glutaraldehyde for 10 minutes. The samples were then washed and stored in phosphate-
buffered saline containing 0.1% Tween-20 and 0.02% Na Azide. To visualize F-actin,
cells were incubated for 15 minutes in rhodamine-labeled phalloidin (Molecular Probes,
Eugene, OR) following the manufacturer's instructions. Samples were washed
extensively with phosphate-buffered saline, placed between a glass slide and glass
coverslips following the addition of ImmunoFluor mounting medium (ICN Biomedicals
Inc, Irvine, CA), and sealed with nail polish. F-actin fluorescence was photographed
using an Olympus BX51 reflection fluorescence microscope equipped with a digital
camera. Images were acquired at 400X magnification as TIFF files and processed using
PaintShop Pro software. The images shown are representative of results seen in three
separate experiments.
A five-point scale for degree of actin stress fibers formation, bundles of actin
filaments that span across the cell, was used to semi-quantify the extent of the F-actin
stress fiber formation in fibroblast NIH3T3 cells on adhering to different patterned
surfaces. The criteria for blind scoring was used as described by Glenn and Jacobson 17
where a score of
1- Indicates few or no resolved F-actin stress fibers formation and mostly cortical actin;
2- Indicates thin, short F-actin filaments generally occupying at least 25% of the cell
volume;
3- Indicates moderate stress fibers formation of F-actin where stress fibers are thicker
and occupy at least 50% of the cell volume;
4- Indicates extensive stress fibers formation where stress fibers are thick and well
defined and many traverse the full width of the cell; and
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5- Indicates maximum stress fibers formation where the entire cell is densely packed
with thick stress fibers and most traverse the width of the cell.
A minimum of 50 cells were counted for each patterned substrate. The average degree
of stress fiber formation and standard error of the mean (SEM) were calculated. Though
the technique was developed for scoring F-actin bundling in HeLa cells that make
fewer, if any, stress fibers, the approach proved appropriate for scoring the degree of
stress fiber formation in fibroblasts.
Scanning Electron Microscopy
NIH 3T3 fibroblasts, plated on surfaces and incubated in 10% serum medium,
were rinsed twice with serum-free Dulbecco's Modified Eagle's Medium maintained at
37 °C. The cells were then fixed with 0.5 % glutaraldehyde in serum-free Dulbecco's
Modified Eagle's Medium also maintained at 37 °C for 30 minutes. The cells were then
rinsed again twice for five minutes with Dulbecco's Modified Eagle's Medium and
post-fixed with 1 % osmium tetroxide for 30 minutes. The cells were then rinsed three
times for 10 minutes each in serum-free Dulbecco's Modified Eagle's Medium.
Following post-fixation, the cells were dehydrated by immersing in the following
concentrations of ethanol for two minutes each: 20 %, 30 %, 40 %, 50 %, 60 %, 80 %,
90%, 96 %, and 100 %. The cells were then dried by critical point drying using a
Balzers CPD030 Critical Point Dryer. The samples were mounted and coated with
gold-palladium by sputter-coating using a Polaron E5100 SEM coating unit. Finally,
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the samples were imaged using scanning electron microscopy JSM-6320FXV with
accelerating voltage of 5 kV.
Surface Preparation For Cell Migration Study
Gradient heterogeneous surfaces were made as described in the cell adhesion
section with a minor modification. Since time-lapse cell migration data collection
requires live cell imaging, ultra smooth PET (provided by Toray Inc.) was used instead
of a silicon wafer, Figure 3.1. The surface preparation condition used for the cell
adhesion study was also applied for this configuration.
Time-lapse Cell Migration Data Collection
NIH-3T3 cells were from American Type Culture Collection (Rockville, MD).
Cells were maintained as sub-confluent monolayers in DMEM supplemented with 10%
(weight/vol) calf serum (Atlanta Biologicals, Atlanta, GA), 0.5% fatty-acid-free bovine
serum albumin (BSA) 100 fig/ml streptomycin and 60 units/ml penicillin (Fisher
Scientific; Atlanta, GA) in a humidified 5% C02 incubator at 37°C. Tissue culture
plates and flasks were from VWR (West Chester, PA).
Cells were detached from culture vessels with 0.01% trypsin-EDTA, washed
with Hank's Balanced Salt Solution (HBSS) and resuspended in fresh DMEM without
phenol red (Sigma) in 10 % serum. Cells were plated on surfaces, which were placed in
a 150 x 25 mm tissue culture plate and allowed to spread for 3 hours in a 37°C/5% C02
incubator. The cells were then transferred to a closed chamber under the microscope
stage, maintained at 37 °C with 5% C02 . Time-lapse phase images were collected at 10
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min. intervals over a period of 600 min. using a Nikon Eclipse TE-300 inverted
microscope, and a CCD 100 video camera and Scion Corporation LG3-01 frame
grabber, using software downloadable from http://www.scion.com/.
Each cell was tracked by its centroid coordinate x and y throughout each
sequence of images. The data were input into an EXCEL spreadsheet to calculate the
mean squared displacement, <d2> 1/2
, of every cell in each image where
dT
2
=V((*.-*2 )
2
+u-^))
Speed is obtained from <d >m dividing by elapsed time or taking the slope of the
squared displacement versus time.
Results and Discussion
Cell Spreading Area
In general, the cells did not align with any preferred orientation, since the
patterns generated by homopolymers/diblock copolymer mixtures were randomly
arranged on the surface. In Figure 3.5, cell spreading area was plotted as a function of
time. The cells were highly polarized and spread more on a homogeneous surface of
oxidized PS than on a homogeneous surface of P(S-r-MMA) at all time periods, Figure
3.5. This suggests that the oxidized PS is more favorable for cell adhesion than P(S-r-
MMA). This is further evidenced by the preferential attachment of the cells' filopodia,
a thin projection from the cell, on the oxidized PS, as will be discussed later. Overall,
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spreading area shows a linear increase with time and begins to plateau after 90 minutes.
Cell spreading area on the nanometer patterned surface is closer to the cell spreading
area on the homogeneous oxidized PS surface than on the homogeneous P(S-r-MMA)
surface. Likewise, cell spreading area on the micron features is similar to the cell
spreading area on the homogeneous P(S-r-MMA) surface. In previous work by
Stockton and Jacobson20
,
it was shown that, after maximal cell spreading is achieved,
there is a pronounced change in cell shape where the cells move from a more rounded
phenotype (associated with spreading) to a more elongated phenotype (associated with
migration). Qualitatively, we see the same trend of change in cell shape after two hours.
There is a general increase in spreading area as the lateral correlation length
decreases, seen in Figure 3.6. As the lateral spacing decreases, the oxidized PS surface
area increases. This translates into increased favorable surface interactions with the
cells and, consequently, the cells spread more on surfaces with smaller, rather than
larger, correlation lengths. The increased nonfavorable interactions of surfaces
characterized by larger correlation lengths results in rounder cells with reduced
spreading area as shown in Figure 3.6. Interestingly, this trend is stronger for cells
analyzed at 60 and 90 minutes where there is a strong correlation between cell spreading
area and lateral correlation length scale. The same general trend can be seen at 30 and
120 minutes. At 30 minutes, apparent deviations can be attributed to cells not
completely attached and just beginning to spread. Cells on 60 nm patterned surfaces
have begun to spread, while the cells on the other patterns are still relatively similar to
each other, as evidenced by the distinct turning point between 60 nm to 110 nm
patterned surfaces. This suggests that the initial event for threshold cluster spacing is
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between 60 nm and 1 10 nm, which is close to the reported values of 140 nm of Massia
and Hubbell and
-60 nm of Maheshwari et al. 18
" 19
. Furthermore, the changes in the cell
shape can affect the measurements of spreading area, particularly after 120 minutes,
where cells usually take on a migratory phenotype and change from the rounded
phenotype, characterizing actively spreading cells, to more elongated migratory cells.
Another parameter that may also contribute to the general trend of increasing
spreading area with decreasing lateral length scale is topographic confinement. This
appears to prohibit cell spreading into the "valleys" or depressions between raised
surface areas. Consequently, the cell has less cell contact area with the surface of P(S-r-
MMA). The decreasing exposure to the P(S-r-MMA) and increasing exposure to the
oxidized PS increases preferential cell interaction with the oxidized PS surface,
translating to an increased cell spreading area. This hypothesis is consistent with Figure
3.5 where it is seen that cell spreading on the P(S-r-MMA) surface is comparable to the
6 urn patterned surfaces. This is also true for cells on the oxidized PS surface and the
60 nm patterned surfaces.
67
t'
Figure 3.5: Average cell spreading area of cells cultured on patterned substrates of
characteristic length scales of 6 um and 60 nm as a function of time. This is compared
to flat oxidized PS and flat PS-r-MMA. Each data point is the average of 150 cells of
three experiments and five fields in each experiment. Error bars indicates SEM.
* Statistically significant deviations (p = .05 using ANOVA) from oxidized PS.
** Statistically significant deviations (p = .05using ANOVA) from 6 \im pattern.
i'
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Figure 3.6: Average cell spreading area of cells cultured on patterned substrates of
average length scales of 6 ^im to 60 nm at 30 min. (squares), 60 min. (circles), 90 min.
(triangles) and 120 min. (diamonds). Each data point is the average of 150 cells of three
experiments and five fields in each experiment.
Error bars indicates SEM.
* Statistically significant deviations (p = .05 using ANOVA) from 6 urn pattern.
** Statistically significant deviations (p = .05using ANOVA) from 60 nm pattern.
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Cytoskeleton-Actin
The formation of stress fibers in fibroblasts is commonly associated with cellular
immobilization on the extracellular matrix 17
. Actin stress fiber formation was also
examined on heterogeneous surfaces of various lateral length scales. In general, the
semi-quantitative analysis of the actin stress fibers formation at 2 hours showed an
increase in the number of actin stress fibers per cell as the lateral length scale of
heterogeneities decreased as shown in Figure 3.7. Additionally, there appeared to be
two main transitions, namely, one for surfaces with lateral correlation length from 6 urn
to 730 nm surfaces and a second with surfaces with 1 10 nm to 60 nm features.
The majority of cells either have no resolved stress fibers or thin and short actin
filaments occupying at least 25% of the cell volume on the 6 nm patterned surface at 2
hours. They also have few axial stress fibers as seen in Figure 3.8. Most of the F-actin
fibers are distributed in cell periphery as short cortical structures, randomly oriented at
the leading edge. This could be the consequence of a low adhesion area of the cells that
bridge across the topography, as evidenced by the SEM images in Figure 3.10-3.13.
With patterns less than 6 um in size, there are fewer cells with little or no resolved
stress fibers. For the cells on surfaces with patterns having 730 nm to 1 10 nm features,
the cells have thin and short actin stress fibers, taking up at least 25% of the cell volume
and slightly more axial stress fibers than cells on the 6 (im patterned surface. Some of
the F-actin fibers are short cortical polygonal fibers ending in filopodia. The second
noticeable change is that the cells on the 60 nm patterned surfaces have more, thicker
stress fibers, occupying at least 50% of the cell volume. Some of the F-actin fibers are
not elongated into axial stress fiber-supported filopodia; rather many large lamellipodia
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have short stress fibers of cortical actin. Lamellipodia are broad shelf-like projections
from a cell; whereas filopodia are thin projection from a cell. The actin stress fibers of
cells on 60 nm features are closer in morphology to the actin stress fibers of cells on a
homogeneous oxidized PS surface, Figure 3.8.
By 1 8 hours, cytoskeleton on all patterned surfaces has matured with more actin
stress fibers seen throughout the cells, Figure 3.9. This increase in the number of actin
stress fibers after 18 hours of incubation suggests that the cells have deposited
extracellular matrix proteins during this period. With the simple semi-quantitative
analysis of the actin stress fibers, we see an increase in the number of actin stress fibers
with decreasing lateral length even after 18 hours. Cells on a 6 urn patterned surface at
1 8 hours have elongated and have axially-oriented stress fibers. Some cells still have
few, short or thin stress fibers on 6 ^m patterned surface. These cells have disorganized
filopodia. For cells on surfaces of 730 nm to 110 nm features at 18 hours, the actin
fibers have thickened and elongated, but there are fewer axial stress fibers lacking
conformity or alignment, and some peripheral, angular stress fibers. Finally, cells on 60
nm patterned surface have extensive stress fibers that are well defined and traverse the
full width of the cell. Again, the actin stress fibers for cells on the homogeneous
oxidized PS are comparable to cells on the 60 nm patterned surface.
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Figure 3.7: Degree of actin stress fiber formation was used to semi-quantify the extent
of the actin stress fibers formation in fibroblast NIH3T3 for different patterned surfaces.
The numbers shown are the average degree of actin stress fiber formation. A minimum
of 50 cells were counted for each patterned substrate of three experiments. Error bars
indicate SEM.
* Statistically significant deviations (p = .05 using ANOVA) from 0.58 urn pattern.
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Figure 3.8: Fluorescent images of fibroblast NIH 3T3 cytoskeletons on (A) 6000 nm (B)
730 nm (C) 580 nm (D) 1 10 nm (E) 60 nm patterned surface and (F) a flat oxidized PS
surface at 2 hours after plating. The images shown are representative of results seen in
three separate experiments.
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Figure 3.9: Fluorescent images of fibroblast NIH 3T3 cytoskeletons on (A) 6000 nm (B)
730 nm (C) 580 nm (D) 1 10 nm (E) 60 nm patterned surfaces and (F) a flat oxidized PS
surface at 18 hours. The images shown are representative of results seen in three
separate experiments.
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Scanning Electron Microscopy
Scanning electron microscopy showed numerous microvilli on the cell surface. Both
filopodia and lamellipodia were observed on all patterned substrates. Most of the
filopodia landed on the oxidized PS, if the feature sizes were larger than the size of the
filopodia, Figure 3.12. Otherwise, the filopodia covered more than one surface feature
with no apparent protrusions into the grooves of P(S-r-MMA), Figure 3.10 and 3.1 1. In
addition, the edges of the lamellipodia also tended to conform or end at the oxidized PS
posts, Figure 3.13.
Figure 3.10: SEM images of cells cultured on patterned substrates with average length
scales of 60 nm at 60,000 magnification.
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Figure 3.11: SEM images of cells cultured on patterned substrates with average length
scales of 1 10 nm at 80,000 magnification.
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Figure 3.12: SEM images of cells cultured on patterned substrates with average length
scales of 730 nm at 45,000 magnification.
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Figure 3.13: SEM images of cells cultured on patterned substrates with average length
scales of 6 um at 10,000 magnification.
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Cell migration
Additional work with cell migration studies on the heterogeneous surfaces of
nanometer to micron lateral length scale shows that cell have more filopodia than
lamellipodia on 6000 nm patterned surfaces than cells on 60 nm features as shown by
optical images, Figure 3.14 and 3.15. This phenotype is consistent with the
observations in cell adhesion studies. Cells also tend to migrate faster on surfaces with
micron-sized, rather than nanometer-sized heterogeneities, Figure 3.16. Moreover, there
is a sharp change in cell speed when cells are on 60 nm as compared to cells migrating
on 1 10 nm features. This observation is consistent with the results from cell adhesion
kinetics and previous work20
"21
,
where it was demonstrated that cells have less spreading
area also migrate faster and form fewer stress fibers.
Figure 3.14: Optical image of time-lapse cell migration on 6000 nm patterned surfaces
at time = 0.
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Figure 3.15: Optical image of time-lapse cell migration on 60 nm patterned surfaces
at time = 0.
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Figure 3.16: Average cell migration speed on patterned substrates of characteristic
length scales of 6 um to 60 nm and oxidized PS. Error bars indicate standard error of
the mean (SEM). * Statistically significant deviations (p = .05 using ANOVA) between
60 nm and 110 nm. ** Statistically significant deviations (p = .05 using ANOVA)
between 6000 nm and oxidized PS.
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Conclusion
Cell adhesion of NIH-3T3 fibroblasts on textured surfaces of oxidized
polystyrene, PS, and P(S-r-MMA), characterized by correlation lengths from the
nanometer to micron size scale, was examined. Fibroblasts adhered more favorably on
the oxidized PS than P(S-r-MMA). Decreasing the lateral length scales between the
oxidized PS features increased cell spreading area and actin stress fiber formation. Both
chemistry and geometry can limit cell interaction with the P(S-r-MMA). This is
evidenced in the cell spreading area and actin stress fiber formation. Furthermore, cells
tend to migrate faster on micron features than nanometer-sized heterogeneities21
. These
findings are relevant to the fundamental understanding of cell-substrate interactions and
development for the surfaces of medical devices.
81
References
1 Veis A and George A., Fundamentals of Interstitial Collagen Self-Assembly In
a J T*' D 'E,Birk and R -P Mecham ^Eds -)' Extracellular MatrixAssembly and Structure, Academic Press, (pp. 15-45)San Diego (1994)
2. Assender H, Bliznyuk V, Porfyrakis K. How surface topography relates to
materials properties. Science 2002; 297, 973
3. Desai TA. Micro- and nanoscale structures for tissue engineering constructs
Medical Engineering & Physics 2000; 22, 595-606
4. Curtis A, Wilkinson C. Topographical control of cells. Biomaterials 1997- 18
1573 - 1583 '
'
5. Tirrell M, Kokkoli E, Biesalski M. The role of surface science in bioengineered
materials. Surface Science 2002; 500 (1-3) 61-83
6. Flemming RG, Murphy CJ, Abrams GA, Goodman SL, Nealey PF. Effects of
synthetic micro- and nano-structured surfaces on cell behavior. Biomaterials
1999; 20, 573-388
7. Fairman K, Jacobson BS. Unique morphology of HeLa cell attachment,
spreading and detachment from microcarrier beads covalently coated with a
specific and non-specific substratum. Tissue Cell. 1983; 15(2): 167-80.
8. Dalby MJ, Riehle MO, Johnstone H, Affrossman S, Curtis SG. In vitro reaction
of endothelial cells to polymer demixed nanotopography. Biomaterials 2002; 23,
2945 - 2954
9. Shirato I, Tomino Y, Koide H, Sakai T. Fine structure of the glomerular
basement membrane of the rat kidney visualized by high resolution scanning
electron microscopy. Cell Tissue Res. 1991; 266, 1-10
10. Yamasake Y, Makino H, Ota Z. Meshwork structures in bovine glomerular and
tubular basement membrane as revealed by ultra-high resolution scanning
electron microscope. Nephron 1994; 66, 189-99
1 1 . Bruder F, Brenn R. Spinodal decomposition in thin films of a polymer blend.
Physical Review Letters; 69, 4, 624
12. Ermi B, Karim A, Douglas JF. Formation and dissolution of phase-separated
structures in ultrathin blend films. J. Polymer Science: Part B: Polymer Physics
1998; 36, 191
82
13. Mansky P, Russell TP, Hawker CJ, Pitsikalis M, Mays J. Ordered diblock
copolymer films on random copolymer brushes. Macromolecules 1997; 30, 6810
14. Mansky P, Huang E, Liu Y, Russell TP, Hawker CJ. Controlling polymer-
surface interactions with random copolymer brushes. Science 1997; 275, 1458
15. Autocorrelation analysis performed on a PC computer using the public domain
NIH Image program (developed at the U.S. National Institutes of Health and
available on the Internet at http://rsb.info.nih.gov/nih-image/) - Scion software
1 6. Downloadable image J software from http://rsb.info.nih.gov/ij/index.html
17. Glenn HL, Jacobson BS. Arachidonic acid signaling to the cytoskeleton: the role
of cyclooxygenase and cyclic AMPdependent protein kinase in actin bundling,
Cell Motility and the Cytoskeleton 2003; 55:265-277.
18. Massia SP, Hubbell JA. An RGD spacing of 440 nm is sufficient for integrin
alpha V beta 3-mediated fibroblast spreading and 140 nm for focal contact and
stress fiber formation. J. Cell Biol. 1991; 114, 1089-1100.
19. Maheshwari G, Brown G, Lauffenburger DA, Wells A, Griffith LG. Cell
adhesion and motility depend on nanoscale RGD clustering. J. Cell Science
2000; 113, 1677-1686
20. Stockton RA, Jacobson BS. 2001. Modulation of cell-substrate adhesion by
arachidonic acid: lipoxygenase regulates cell spreading and ERKl/2-inducible
cyclooxygenase regulates cell migration in NIH-3T3 fibroblasts. Mol Biol Cell.
Jul; 12(7):1937-56.
21. Stockton RA, Jacobson BS. 2001, unpublished.
22. Kimura M, Tsai IY, Green JA, Jacobson BS, Russell TP, Fibroblast migration
on heterogeneous topography using diblock copolymers and homopolymers,
unpublished.
i'
83
CHAPTER 4
CELL MIGRATION ON TOPOGRAPHIC SURFACES
Introduction
Cell migration is important to homeostatic processes and various pathologies
such as immune responses, repair of injured tissues, chronic inflammatory diseases,
tumor formation and metastasis. If cells fail to migrate or migrate to the incorrect
location during embryo development, this can result in life threatening consequences.
Understanding cell migration is vital to biotechnology that focuses on cellular
transplantation and tissue engineering. Cell migration is an integrated processes that
involves biochemical signals, assembly of macromolecules in extracellular matrix
(stable complex of macromolecules that surrounds cells) and assembly of the
cytoskeleton (the fibrous structural organization of the cytoplasm), to name a few. As
discussed in chapter 3, both surface chemistry and topography have dramatic impact on
cell adhesion and cell migration. In this chapter, the experiments are centered around
cell migration on micron size topographic surfaces with homogeneous surface chemistry
to address the sole effect of topography. The results are compared to cells on a fiat
substrate.
Many experiments have investigated cell spreading on topographic
homogeneous surfaces 1
" 8
or heterogeneous surfaces
9 " 14
by characterizing cell spreading
area, the number of cells that have spread, the cytoskelctal organization (i.e. actin and
microtubule) or focal adhesions (the anchorage points of the plasma membrane to the
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substratum over which the eell is moving). The effects of surface chemistry have been
widely reported; for example, cells prefer collagen surfaces as opposed to
poly(ethyleneglycol) surfaces.
15
Furthermore, topographic effects on cell adhesion and
migration have also been explored extensively. This is a phenomena known as contact
guidance. Anselme et al. found that human osteoblasts expressed a3pl integrin but not
a2pi integrin when cells were plated onto metallic substrates (Ti6A 14V alloy) of various
roughnesses. 16 Other investigators, such as Meyle et al., Wojciak-Stothard et al. and
Oakley et al., reported striking changes in actin and microtubule organization.
Specifically, the cytoskeleton aligns closely with the edges of topographic features. 17-19
In addition, there are also reports of cell proliferation studies on both homogeneous and
heterogeneous surfaces. 20
"23
Pins et al. found that keratinocyte proliferation was
affected by topographical surfaces, possibly through the spatial arrangement of cell-
matrix contacts or cell- cell contacts. 24 Despite various reviews of cell adhesion and
migration on different surface variations25
"27
,
there are few experiments focusing on live
cell movements. This chapter focuses only on the effect of topography on cell
migration. To fully understand cell movement on rough surfaces, actin cytoskeleton
morphology and focal adhesion are characterized in addition to time-lapse cell
migration recordings. Cells on rough surfaces need to be compared to cells on flat
substrates to make a direct comparison.
Cells adhere and migrate in a three-dimensional microenvironment called the
extracellular matrix, but most cellular studies to date have been on 2-D surfaces,
including polystyrene dishes, protein substrates or Matrigel™. Cell behavior in a 3-D
microenvironment has been demonstrated to be more physiologically significant than a
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2-D microenvironment23 "25
. Bissell's group has shown that breast cells plated on a Petri
dish (a 2-D environment) grew but did not behave as breast cells do in the body. On
the other hand, when the cells were plated in a 3-D extracellular matrix, then the cells
responded as if the cells were in the body in that they made tissue-like structures28
.
In Friedl's review, the current understanding of cell migration on 2-D substrates
was described in terms of a three-step process: (1) protrusion of the leading edge for a
focal contact point or anchorage points of the plasma membrane to the substrate, (2)
contraction of the cell, and (3) detachment of the trailing edge. 30 Cells in 3-D matrices
appear to show a similar process to cells in 2-D substrates. However, cell shape,
cytoskeleton organization and focal contacts are significantly different. Cells in 2-D
take on a flattened morphology that looks like a "fried egg", while cells in 3-D are more
elongated. Furthermore, stress fibers, bundles of actin filaments that span across the
cell, and discrete focal adhesions, usually present for cells in 2-D, are virtually absent
from cells in 3-D. Bissell et al. have found that breast cancer cells cultured in 2-D lost
their abnormal cell shapes and patterns of cell growth but function as cancerous cells in
3-D28 .
Cell movements on hydrophilic PS posts are reminescent of cells in a 3-D
collagen matrix. Cells are more slender in shape and lack stress fibers when they are
plated on hydrophilic PS posts. These observations are similar to those cells in a 3-D
microenvironment. This suggests that cells on topographically patterned substrates may
be an excellent model system to study cell adhesion, migration, divison and growth,
since cell culture experiments in 3-D have been burdensome and difficult to image " .
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In this chapter, cell migration on hydrophilic PS posts are discussed and compared to
cell migration in 3-D environment as reported by others23 '25
.
Experimental
Fabrication of Topographic Surfaces
Hydrophilic PS posts were made by a combination of electrohydrodynamic
instabilities and standard pattern replication used in lithography. Here, we describe a
master template of PMMA posts that was generated by electrohydrodynamic
instabilities. A thin film ofPMMA was spin coated onto a freshly cleaned Si substrate.
The film thickness was 800 nm. Film thickness was measured using a Filmetrics device
(a white light interferometer). The upper electrode was made by etching a glass slide
with 5% HF and then depositing 5 nm Cr by thermal evaporation. The etch depth was
determined using a Dektak profiliometer and was 2 urn. A voltage of 120 volts was
applied across the two electrodes, Figure 4.1. The sample was quenched at room
temperature before removal of the applied field. Figure 4.2 shows an image ofPMMA
posts.
A prepolymer of poly(dimethylsiloxane) (PDMS), Sylgard 184, Dow-Corning,
was poured over an array ofPMMA posts made by the electrohydrodynamic instability,
cured at 65°C overnight, and peeled off. To make PS posts, the PDMS template was
placed over a 1 um thick PS film for 1 day at 150 °C and then peeled off the PDMS
template. By using a reactive ion etch (oxygen ion at 25 watts for 30 sec), the PS film
was changed from hydrophobic to hydrophilic, Figure 4.3. Atomic force microscopy
(AFM) and optical microscopy were used to quantify the topography. The dimensions
were analyzed by sectional analysis function in the AFM software. Topographic
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features eonsisted of cylindrical posts (average height of 2 m, average diameter of 15
um) with an average center-to-center distance of 25 urn, Figure 4.4.
Silicon wafer
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I 170°
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Figure 4.1 : Schematic representation of the method used to generate PMMA posts to be
used as a master template.
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Figure 4.2 : Optical image ofPMMA posts used as a master template.
I'
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Figure 4.3: Schematic drawing of the fabrication of hydrophilic PS topographic surfaces
for the cell migration study.
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Figure 4.4: Representative AFM image of hydrophilic PS topographic surfaces for cell
migration study with corresponding sectional analysis, showing 2.1 urn height. On
average, the posts are 15 um in diameter and have a center-to-center distance of 25 urn.
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Cell Culture
lgma,
NIH 3T3 cells were cultured in Dulbecco's modified Eagle's medium (S
St. Louis, MO), supplemented with 10% calf serum (JHR Biosciences, Lenexa, KS), 2
mM L-glutamine, 50 mg/ml streptomycin, and 50 U/ml penicillin (Gibco-BRL,
Gaithersburg, MD).
Actin Cytoskeleton, Focal Adhesion And Time-lapse Cell Migration On
Topographical Surfaces
Cells on substrates were fixed 1 min. in 0.3% (w/v) Triton-X 100, 0.5%
glutaraldehyde, agitated periodically, rinsed twice with cytoskeleton buffer, fixed 15
min. in 1% glutaraldehyde, rinsed twice with cytoskeleton buffer, treated 5 min. in 0.5
mg/ml NaBH4 , rinsed twice with cytoskeleton buffer and stained for actin with
rhodamin phalloidin or for vinculin by incubating in a monoclonal antibody (Sigma
monoclonal) for 30 min. at room temperature. The samples were then washed with
PBS. Phase images or phase/fluorescence combination images were recorded with a
Zeiss x40 Numerical Aperture of 0.65 Achromat phase objective lens on a Zeiss IM-35
microscope, by using a cooled charge-coupled device camera (TEyCCD-576EM;
Princeton Instruments, Trenton, NJ). To measure the migration speed, cells were plated
overnight on 35-mm coverglass chamber dishes at a low density, to minimize cell-cell
interactions. Time-lapse phase images were collected at a 2-min intervals over a period
of 60 min in an incubation environment, 37 °C with 5% CO2.
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Each cell was tracked by its centroid coordinate x and
, throughout each
sequence of images. The data were input into an EXCEL spreadsheet to calculate the
squared displacement, <d2>"2
, of every cell in each image, where
,../2
Speed was obtained from <d2>"2 by dividing by claped time or taking the slope of the
squared displacement versus time.
Results and Discussion
Fibroblasts on hydrophilic PS posts showed dramatic differences in morphology
and cytoskeleton organization from those cultured on flat PS. Cells on PS posts had a
phenotype (observable physical characteristics of an individual organism) that was more
elongated than cells on flat PS substrates and shows many filopodia, thin projection
from the cell, Figure 4.5 and 4.6. No large lamellipodia were observed for PS posts.
And often, cells took on a stellate spindle-shaped morphology. Cells on bumpy surfaces
lacked large stress fibers, and actin bundles were concentrated primarily along the
lateral border and on top of the PS posts, Figure 4.7. These observations are similar to
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the observations of Curtis et al. 5
, Wojeiak-Stothard e, al.'« and Pins et al.". Both
and vinculin were found ,o be enriehed on the ridges, Figure 4.7 and 4.8. Actin bundles
resist bending around the posts and are able to span from pos, to post. Actin fibers are
thinner, diffused throughout the entire eell body and have no elear organization for eells
on PS posts, Figure 4.7, while aetin fibers are thicker and distinct with well organized
stress fibers for cells on flat substrates, Figure 4.9. These characteristics fit the reported
qualities of cells in 3D matrices 30
,
and thus, these topographic surfaces may be an ideal
model to study cell migration or cell division in more physiologically relevant
conditions.
Anti-vinculin immunostaining showed short, thick, and dense patches of focal
adhesions where cells made contacts with the substrate, Figure 4.8 and 4.10. On flat
substrates, the focal contacts appeared to locate mostly on the membrane surfaces that
were in contact with the substratum, Figure 4.10. The focal adhesion patches were
larger than those for cells in contact with the PS posts, showing strong anchoring points
with the substrates. These substantially bigger focal adhesions are consistent with the
observation of the dense actin stress fibers since thick and dense fibers require large
anchoring areas. On the contrary, the focal contacts, where the cells made adhesion
with the substrates, were smaller on PS posts, Figure 4.8. They were able to form on
top of the pillars, between pillars, and along the lateral surface of pillars.
Cell migration on the hydrophilic PS posts was driven primarily by narrow
protrusions and filopodia, thin projections from the cell. Cells changed direction
frequently as the cells navigated through the topographic features. Quantitatively, cells
migrate two times faster on the rough surfaces than on the flat surface, Figure 4.11.
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These observations are similar to those of cells cultured in 3D environment30
. Our
results suggest that the total area of substrate contact controls cell migration,
cytoskeletal organization, and cell morphology.
This work will be continued to examine focal adhesion kinase-null NIH 3T3
fibroblasts on the hydrophilic PS posts in Wang's laboratory. Focal adhesion kinase
(FAK) is a non-receptor protein tyrosine kinase, one member of a family of receptors
with a similar structures having a tyrosine kinase domain, and is colocalized with
integrins at focal adhesions in adherent cells. Many data suggest that FAK is critical for
integrin stimulated cell migration, cell spreading, and proliferation. Cells migrate faster
and cells spread larger with an overexpression of FAK, while FAK-null cells display an
impaired cell migration. The hypothesis is that FAK-null cells will not respond to
topographic cues; and the migration on PS posts will be similar to flat PS surfaces.
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Figure 4.5: Optical images of time-lapse cell migration on hydrophilic PS posts at time
= 0.
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Figure 4.6: Optical images of time-lapse cell migration on flat hydrophilic PS surfaces
at time = 0.
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Figure 4.7: Actin cytoskeleton images of cells on topographical hydrophilic PS surfaces
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Figure 4.8: Focal Adhesion images of cells on topographic hydrophilic PS surfaces.
t'
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Figure 4.10: Focal Adhesion images of cells on flat hydrophilic PS surfaces.
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Figure 4.1 1: Cell migration speed on hydrophilic PS posts and flat PS surfaces. Error
bars indicates SEM.
Conclusion
Topographical substrate is found to have dramatic influence on cytoskeleton
morphology, focal adhesion and cell migration speed. By using electrohydrodynamic
instabilities, a master template of PMMA posts was generated. Then, capillary forces
drew poly(dimethylsiloxane) (PDMS) onto PMMA grooves to form a rubber stamp of
poly(dimethylsiloxane) cavities. This PDMS pattern was then transferred onto PS posts.
Cell movements on hydrophilic PS posts show strong similarities to the cells cultured in
3D environment, suggesting using this as a model system to study cell migration in
physiological relevant conditions with well-defined physical characteristics.
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CHAPTER 5
SUGGESTIONS FOR FUTURE WORK
Biomaterials are employed in various medically related devices, such as
catheters, implants, and filters used in various organs and scaffolds for tissue
engineering. Proper design of biomaterials can have tremendous impact on treating
various diseases
1-3
.
Understanding the requirements to optimize a design and the
methods to evaluate the essential parameters are critical to develop biomaterials that are
minimally invasive. This requires an integrated approach of different disciplines4
"7
.
They include polymer science, surface science and cellular biology 8
"9
.
Knowledge of
polymer science allows evaluation of material properties, for example mechanical
strength, toughness, structural organization and rheological properties, and targeting for
appropriate structural architecture and precise chemical composition, while surface
science is needed to characterize the properties at cell-surface interactions. In turn,
quantification cellular responses is vital to provide relevant feedback to the design of
biomaterials for the required specifications. Thus, one can tailor for specific material
properties and surface interactions to obtain specific biological needs. Clearly, the
research community in biomaterials has grown enormously and encompasses an
integration of many disciplines. In this chapter, I point out a few challenges and some
general directions for future work.
Traditionally, biomaterials were chosen by its inertness to biological
environments and find the equivalent materials' bulk properties to those of natural
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organs6 ' 10
.
For example, bone has elastic modulus in the order of -20 GPa. Some of the
materials used for bone implants include austenitic stainless steel (-200 GPa),
zirconium (-80 GPa) and ultrahigh density polyethylene (-7 GPa). Other
considerations include chemical and optical properties, its ability for processing and
compliance with federal food and administration regulations 11
. Many materials used
for medical application were adopted from other science fields without major
considerations to biological responses6
" 10
.
Recently, a rational design is required to
design biomaterials targeting for specific biological responses. This requires the
understanding of the material and biological interface9
. Moreover, material and surface
properties must be related to cellular responses in physiological conditions. This ability
to draw a meaningful relationship between material properties and cellular behaviors
and feedback this information back to design process will continue to be one of the
major challenges. This may require theoretical and computational models to
interconnect two vastly different research areas.
Cells adhere and migrate in an extracellular matrix (ECM). The ECM consists
of macromolecules such as proteins, polysaccharides, glycosaminoglycans,
proteoglycans and glycoproteins. The dynamic processes of cell adhesion and migration
in the ECM have important consequences in developmental morphogenesis, cancer
research, tissue engineering and targeting drug delivery. The organization of ECM
macromolecules is precisely tuned to optimize many aspects of structural and biological
function
12
. Ingber and Boudreau et al. have provided an excellent review of the
importance of ECM in controlling angiogenesis and tumor formation 13
" 15
.
They further
supported this with experimental evidence of ECM controlled tissue patterning and
107
suggest a role for the ECM in cancer formation. This information can be useful for
research and development of biomaterials to be incorporated in devices or treatment for
various diseases. Understanding how the ECM assembles and is manipulated by cells
will inspire more uniquely defined biomaterials that mimic natural environment. This
area of research is at its infancy, as shown by the establishment of American Society for
Matrix Biology in 2000.
ECM macromolecules have the ability to self assemble from molecular to
macroscopic level. These macromolecules have been found to form various elegant
ECM patterns. For example, Bard et al. reported that the pH of the cultured medium of
corneal epithelium can change collagen fibril morphology from randomly distributed 20
nm fibrils and small worm-like collagen aggregates at pH 6.7 to the worm-like
aggregates and fibrils embedded in a matrix and no normal or thin collagen fibrils at pH
6.5, Figure 5.1
16
.
Some work has been done to understand the self-assembly of fibril-
forming collagens 17
" 19
,
fibronectin
20
,
laminin and Type IV collagen into basement
membrane21 and the co-assembly of different types of collagens22
.
However, few
studies have focused on the precise changes in microstructure of the ECM in relation to
phase separation of distinct hierarchies of fibril diameter and packing architecture by
various proteins composites or protein/polysaccharides mixtures. Polymer scientists can
play an important role in defining the precise architecture of proteins, polysaccharides,
glycosaminoglycans, proteoglycans and glycoproteins composites. This understanding
of hierarchical assembly will provide a basis to design biomaterials more closely with
natural ECM.
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Cells adhere and migrate in a three-dimensional microenvironment, but many
cellular studies to date are on 2D polystyrene dishes, protein substrates or Matrigel™
Cell behavior in 3D microenvironment has demonstrated to be more physiological
significant than a 2D microenvironment23 -25
. Bissell's group has reported that breast
cells plated on a Petri dish (a 2-D environment) grew, however, the breast cells did not
behave as breast cells do in the body 15
. When the cells were seeded in a 3-D
extracellular matrix that mimicked real, living tissues, then the cells were able to make
tissue-like structures. Furthermore, by manipulation the microenvironment, malignant
breast cancer cells can change back to normal cell behavior26
. Polymer scientists can
work with cell biologists to develop an easy to handle, reproducible and well defined 3D
matrix to gain more insights on cell adhesion and migration in 3D microenvironment.
As cell biologists acquire more knowledge of cell behavior in 3D, polymer scientists can
then bridge this information to design biomaterials with uniquely defined
biospecificities.
One of the most important requirements is that materials have to be
biocompatible
6-11
. In order to tackle this design criterion, biocompatibility must be
defined and methods of measuring biocompatibility should be established. The old
definition of a biocompatible material is that it does no harm or "the quality of not
having toxic or injurious effects on biological systems" 1
" 3
; and now, the definition is
revised to "the ability of a material to perform with an appropriate host response in a
specific application"
7-9
. In simple terms, the materials should cause no irritation, no
7 9 •
inflammation, no foreign body response, no allergic reaction and no cancer " . In this
regard, the Food and Drug Administration (FDA) and International Organization for
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Standardization (ISO) have several tests to show materials' biocompatibility11
.
However, these tests are based on a "trial and error" approach in the deslgn process9 and
many problems in medical devices are still due to biocompatibility issues. For example,
thrombogenicity continues to be a major problem in stents used in coronary arteries.
The surface charge on the stents can attract platelets or coagulation factors. The specific
relationship between surface charge and platelets or coagulation factors is not well
understood. One can not make specific improvements if one can not make specific
measurements. I believe biocompatibility needs to be uniquely defined with clear
biospecificity. If we can quantify biocompatibility more precisely, then we will be able
to design surfaces with targeted biological functions.
In summary, at the interface of cellular biology, surface science and polymer
science, there is much more knowledge to gain in each field, and at the same time, to be
related to each other. Many questions and challenges remain to be solved. Cellular
biologists can provide the essential biological requirements for an appropriate host
response, while scientists in polymer science and surface science can define the relevant
parameters for extracellular matrix and design uniquely defined biomaterials. Working
together, the parameters from cellular biology, surface science and polymer science can
interconnect to each other to make meaningful specifications for biospecific materials.
Combined knowledge in cell biology and polymer science will bring new technological
advances in many medical applications and further understanding of methods to treat
various diseases.
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Figure 5.1: Bard et al. demonstrated that pH changes collagen organization. Here,
micrographs of stroma deposited by corneal epithelium at pH 6.7 show randomly
distributed 20 nm fibrils and small worm-like collagen aggregates; while at pH 6.5 the
worm-like aggregates and the fibrils embedded in a matrix, and no normal or thin
collagen fibrils are observed.
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